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Paramagnetic	 Lanthanide	 NMR	 Probes	 Signalling	 Changes	 in	 Zinc	
Concentration	by	Emission	and	Chemical	Shift	:	A	Proof	of	Concept	Study	
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	The	abundance	and	importance	of	Zn2+	in	biology	has	led	to	the	development	of	many	 chemical	 sensors,	 most	 commonly	 based	 on	 fluorescence	 detection.2,3	Typically	 these	 sensors	 are	 small	 molecular	 probes	 containing	 a	 fluorescent	reporting	 unit	 appended	 with	 selective	 Zn2+	 binding	 groups,	 such	 as	 the	 cell-permeable	 emissive	 probe	 Zinpyr-1	 described	 by	 Lippard	 and	 Tsien.4	 It	 is	sensitive	 in	 the	mid-nanomolar	range,	as	a	second	 ion	 is	reversibly	bound.	The	most	frequently	used	chelating	moieties	incorporated	into	Zn2+	sensors	are	tris-	and	bis(2-pyridylmethyl)amine,	also	known	as	tri	and	dipicolyamine	(TPA/DPA).	The	ligands	TPA	and	DPA	form	relatively	stable	complex	ML	complexes	with	Zn2+	(log	 KZnL	 =	 11.0	 and	 6.8	 respectively)5	 with	 no	 measurable	 affinity	 for	 the	abundant	divalent	cations	Ca2+	and	Mg2+.6	
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magnitude	 of	 the	 exchanging	 inner	 sphere	water	molecule	 decreased	 and	 this	behaviour	 was	 attributed	 to	 a	 faster	 water	 exchange	 rate.	 Phantom	 imaging	experiments	demonstrated	selectivity	against	Mg2+	and	Ca2+.	However,	 the	 loss	of	 the	 CEST	 signal	was	 also	 found	 to	 be	 pH	dependent,	 and	 there	 is	 a	marked	inherent	temperature	dependence	of	the	chemical	shift	of	the	proton	resonances.		The	 PARACEST	 probe,	 [EuLc],	 was	 modified	 to	 create	 a	 Gd3+-based	 relaxivity	probe,	 in	 which	 two	 of	 the	 amides	 were	 replaced	 with	 carboxylates,	 [GdLd]	(Figure	 2).12	 A	 modest	 increase	 (20%)	 in	 relaxivity	 was	 observed	 with	 the	addition	 of	 Zn2+	 until	 2	equivalents	 had	 been	 added.	 The	 increase	 in	 relaxivity	was	suggested	 to	be	due	 to	 the	presence	of	 the	Zn2+	cation,	promoting	a	 faster	water	 exchange	 rate	 at	 the	 Gd3+	 ion.	 When	 the	 same	 addition	 of	 Zn2+	 was	performed	in	the	presence	of	human	serum	albumin	(HSA),	a	significantly	larger	increase	(165%)	in	the	relaxivity	was	observed,	attributed	to	an	increase	in	the	rotational	correlation	time	for	the	complex	when	bound	to	the	large	protein.	In	
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Figure	 3	 	 	 Structure	of	 a	 luminescent	Eu3+-based	Zn2+	probe	as	originally	proposed	 22	showing	the	change	in	Eu	coordination	upon	Zn2+	binding;	a	water	molecule	is	bound	to	the	Zn	ion.		Accordingly,	 we	 set	 out	 to	 modify	 the	 ligand	 structure	 in	 [EuLh]	 by	 adding	 a	
tert-butyl	reporter	group	adjacent	to	the	Zn2+	binding	moiety,	thereby	creating	a	metal	 ion	responsive	PARASHIFT	probe,	 [Ln.L1].	 It	was	reasoned	 that	 the	 large	change	 in	 both	 the	 ligand	 field,	 geometric	 coordinates	 and	 magnetic	susceptibility	anisotropy	that	occurs	on	zinc	binding	would	lead	to	a	significant	change	in	the	chemical	shift	of	the	proximate	t-butyl	resonance.		
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However,	 a	 Steglich	 esterification	 reaction	 using	 EDC	 and	 DMAP	 as	 the	 acyl	transfer	catalyst	yielded	the	di-ester,	3.		
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		 	 	 	 	 Scheme	2	Alkylation	of	the	tris-t-butyl	ester	of	DO3A	(DO3A	=	1,4,7-	tris(carboxymethyl)-1,4,17,10-tetraazacyclododecane)	with	10	 in	MeCN	afforded	the	tertiary	amine,	and	after	treatment	with	TFA,	the	complexes	of	L1	with	Eu,	Tb,	Dy,	Y,	Tm	and	Yb	were	 prepared	 by	 reaction	 with	 the	 appropriate	 LnCl3	 salt	 at	 pH	 5.5.	 Each	complex	was	purified	by	reverse	phase	HPLC.			
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Table	 1	 	 	 Luminescence	 lifetime	 measurements	 of	 [EuL1]	 and	 [TbL1]	 (295	 K,	 λex	 =	276	nm,	pH/pD	=	7.3).	
Ln	 𝝉𝐃𝟐𝐎	(ms)	 𝝉𝐇𝟐𝐎	(ms)	 q		23	Eu	Tb	 1.61	2.78	 1.15	2.55	 0	0	A	q	 value	of	 zero	was	 calculated	 from	 these	experimental	data,23	 in	agreement	with	the	results	of	Pope.22	In	order	to	verify	the	coordination	around	the	metal	ion,	the	X-ray	structure	of	[Dy.L1]	was	carried	out.	Crystals	of	[DyL1]	were	grown	by	slow	diffusion	of	diethyl	ether	into	a	methanol	solution	of	the	complex	(Figure	4).	 The	 complex	 crystallised	 in	 the	 centrosymmetric	 space	 group	 P21/c,	 with	both	 enantiomers	 present	 within	 the	 crystal	 lattice	 and	 symmetry	 related.	Hydrogen	bonding	was	present,	 two	of	 the	 carbonyl	 groups	 serving	as	H-bond	acceptors	to	two	donor	solvent	methanol	molecules.	The	coordination	number	of	Dy3+	in	[DyL1]	is	9,	with	an	N6O3	environment:	the	Dy3+	ion	is	coordinated	by	the	four	ring	nitrogen	atoms	(N1-4)	and	the	tert-butyl	substituted	pyridine	nitrogen	atom	(N5py)	and	three	anionic	oxygen	atoms	(O3)	in	a	SAP	geometry	(Δ-(λλλλ)).	The	 coordination	 sphere	 is	 completed	 by	 the	 DPA	 amine	 nitrogen	 atom,	 N6,	which	caps	the	square	antiprism.	
	 	 	
Figure	 4	 (left)	 Molecular	 structure	 of	 Δ-(λλλλ)-[DyL1]	 (120K);	 (right)	 structure	 of	
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carboxylate	oxygen	atoms.	A	 long	axial	bond	of	2.83	Å	between	 the	 lanthanide	and	the	dipicolylamine	nitrogen	was	a	notable	feature,	suggestive	of	some	steric	strain	in	the	capping	axial	site.			
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pH	response	of	[EuL1]	and	[TbL1]:	luminescence	studies		To	study	the	pH	sensitivity	of	[LnL1]	a	pH	titration	of	the	luminescent	complex	
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The	 luminescence	 lifetimes	 observing	 the	 ΔJ	 =	 2	 emission	 band	 were	 also	measured	in	D2O	and	H2O	at	varying	pH	(Figure	6).	Curiously,	whilst	the	lifetime	in	 H2O	 decreased	 only	 slightly	 as	 the	 pH	 fell,	 the	 lifetime	 in	 D2O	 increased	 by	80%,	 consistent	with	a	 large	 change	 in	 the	Eu	 coordination	environment,	 after	taking	account	of	excited	state	quenching	effects	due	 to	OH	and	NH	oscillators.	Indeed,	every	emissive	Eu	species	has	an	intrinsic	lifetime	that	is	peculiar	to	its	coordination	 number	 and	 type,	 once	 quenching	 effects	 associated	 with	vibrational	 energy	 transfer	 to	 exchangeable	 OH	 and	 NH	 oscillators	 have	 been	considered.		
	 	 	
Figure	 6	 	 	Variation	of	 the	 lifetime	(±10%)	of	 [EuL1]	with	pH	 in	H2O	and	D2O	(295	K,	
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=	 0,	 and	 at	 low	 pH,	 the	 apparent	 q	 value	 was	 0.4.	 Lifetime	 measurements	 of	[TbL1]	 revealed	 similar	 q	 values	 at	 high	 and	 low	 pH/pD,	 i.e.,	 zero	 and	 0.3	respectively.	Such	a	variation	is	rationalised	by	a	9-coordinate	structure	at	high	pH,	 as	 revealed	 in	 the	 solid-state	 analysis	 of	 [Dy.L1],	 and	 at	 low	pH	 the	 axially	bound	tertiary	amine	N	(N6,	in	Figure	4)	is	protonated	and	the	partial	hydration	state	is	explained	either	by	the	presence	of	a	weakly	bound	axial	water	molecule,	(i.e.	a	 long	Eu-OH	distance),	or	by	 the	quenching	effect	of	 the	proximate	NH	vs	ND	oscillator	of	the	protonated	tertiary	amine.	It	has	previously	been	established	that	coordinated	amine	NH	oscillators	are	about	twice	as	effective	as	bound	OH	oscillators	at	quenching	Eu3+	excited	states.23		
Solution	NMR	studies	of	[YL1]	The	diamagnetic	complex,	[YL1],	was	synthesised	in	order	to	compare	the	NMR	behaviour	 with	 the	 analogous	 paramagnetic	 complexes.	 1H	 NMR	 analysis	revealed	a	mixture	of	broad	and	sharp	resonances	within	the	pyridine	aromatic	region	(Figure	7).		
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broadening	is	consistent	with	a	chemical	exchange	process	of	intermediate	rate	on	 the	NMR	 timescale,	 involving	 one	 or	more	 conformers	 or	 distinct	 chemical	species	associated	with	the	DPA	moiety.		Variable	temperature	NMR	was	undertaken	in	an	attempt	to	explore	the	origins	of	the	broadening	of	the	aromatic	resonances	(SI:	Fig.	S3).	Upon	cooling,	multiple	resonances	appeared	within	the	aromatic	region.	Above	305	K,	these	resonances	sharpened	 and	 coalesced	 to	 reveal	 four	 distinct	 picolyl	 environments.	 The	macrocyclic	ring	protons	also	sharpened	at	lower	temperature,	but	no	additional	resonances	were	seen.		
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resonances	are	significantly	sharper	at	 low	pD,	whilst	the	macrocyclic	region	is	broader.	 As	 there	 are	 only	 6	 distinct	 pyridine	 environments	 in	 acid,	 the	 DPA	pyridine	 protons	 must	 be	 equivalent,	 as	 observed	 at	 higher	 temperature.	 The	C-Namine	bond	must	have	freedom	of	rotation,	on	an	intermediate	NMR	timescale.	The	 increased	 broadness	 of	 the	macrocyclic	 ring	 protons	 resonances	 suggests	that	 the	 rate	 of	 exchange	 between	 low	 energy	 conformations	 of	 the	 ligand	backbone	 is	 accelerated	 at	 low	 pD.	 Such	 behaviour	 is	 consistent	 with	 the	luminescence	pKa	data;	i.e.,	the	DPA	tertiary	amine	N	atom	becomes	protonated,	and	 the	 interaction	between	 the	metal	 ion	and	 the	amine	 lone	pair	 is	 lost.	The	change	from	9-	to	8-	coordination	of	the	metal	ion,	results	in	increased	flexibility	of	 the	 macrocyclic	 ring	 arms,	 to	 undergo	 faster	 cooperative	 arm	 rotation,	 as	noted	in	a	large	number		of	dynamic	NMR	studies	of	related	systems.	26		
NMR	studies	of	paramagnetic	[LnL1]	complexes	The	chemical	shifts	of	the	tert-butyl	reporter	group	of	the	paramagnetic	[LnL1]	complexes	 were	 measured	 in	 D2O	 (Figure	 9).	 In	 each	 case,	 the	 tert-butyl	resonance	 for	 the	 Tm3+,	 Tb3+	 and	 Dy3+	 complexes	 lies	 well	 outside	 the	diamagnetic	region.	
	 	
Figure	9	 	Schematic	showing	the	partial	1H	NMR	spectra	of	the	tert-butyl	resonance	of	












Chemistry - A European Journal
This article is protected by copyright. All rights reserved.
	 16	
[DyL2]	 chemical	 shifts	 of	 -10.6	 and	 -20.1	ppm	 respectively	 were	 observed,	 24	compared	 to	 -30.2	and	 -36.5	ppm	 in	 [TbL1]	 and	 [DyL1].	 It	has	been	 found	 that	the	presence	of	an	axially	coordinated	water	molecule	has	a	significant	impact	on	the	paramagnetic	shift	of	lanthanide	complexes	in	structurally	related	ligands,	as	the	 orientation	 and	 size	 of	 the	 principal	 component	 of	 the	 magnetic	susceptibility	 tensor	 (often	 the	 axial	 component)	 are	 sensitive	 to	 structural	perturbation.	The	larger	chemical	shifts	in	[LnL1]	are	consistent	with	the	loss	of	the	 inner	 sphere	 water	 molecule,	 as	 established	 from	 the	 solid-state	 X-ray	structure	 and	 the	 solution	 lifetime	 analyses	 of	 the	 Eu3+	 and	 Tb3+	 complexes.	Unlike	[LnL2],	in	which	two	diastereoisomers	are	observed	in	solution,	only	one	
tert-butyl	resonance	was	present	for	every	[LnL1]	complex.	The	weak	interaction	postulated	between	the	DPA	amine	and	lanthanide(III)	ion	presumably	serves	to	stabilise	 the	 lowest	 energy	 conformation	 and	 reduces	 the	 flexibility	 of	 the	pendant	arms	of	the	12-N4	ring.		The	longitudinal	relaxation	rates,	R1,	of	the	tert-butyl	resonance	of	[LnL1]	were	measured	 at	 six	 different	 field	 strengths	 (Table	 S1).	 The	 rates	were	 similar	 to		those	measured	with	[LnL2]	24	.		
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energy	 conformations	 of	 the	 protonated	 complex.	 In	 the	 diamagnetic	 species	
[YL1]	(Figure	7	and	Fig	S4)	exchange	broadening	of	the	macrocyclic	resonances	was	observed	at	low	pD,	as	a	result	of	the	increased	flexibility	of	the	macrocyclic	backbone.	As	a	result	of	the	greater	frequency	difference	of	the	two	macrocyclic	conformations	 in	 the	 paramagnetic	 complexes	 two	 tert-butyl	 resonances	 are	observed	at	this	field.		
Zinc	binding	studies	using	NMR	,	MS	and	emission	spectroscopy	The	 addition	 of	 ZnCl2	 to	 [EuL1]	 resulted	 in	 a	 significant	 emission	 intensity	decrease	and	changes	 to	 spectral	 form	 in	 the	ΔJ	=	1,	2	and	4	manifolds	 (Figure	12),	consistent	with	a	large	change	in	the	coordination	environment	of	Eu3+.		
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spectral	form	or	lifetime	occurred	when	up	to	ten	equivalents	of	CaCl2	or	MgCl2	were	added.		
Table	3	 	 	Luminescence	 lifetime	measurements	(±10%)	and	complex	hydration	states	(±20%)	of	[EuL1]	and	[TbL1]	23	with	/without	excess	Zn2+	(295	K,	λex	=	276	nm,	pH	7.3).	
Ln	 Zn2+	equivalents	 𝜏!!!	(ms)	 𝜏!!!	(ms)	 q	Eu	 0	 1.15	 1.61	 0		 5	 0.61	 1.96	 1.1	Tb	 0	 2.55	 2.78	 0		 5	 1.94	 3.19	 0.8	
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Scheme	3			Proposed	structures	of	[LnL1]	without	(left)	and	with	added	Zn2+	(right).	It	is	assumed	 that	 the	 Zn2+ion	 will	 be	 5-coordinate	 and	 at	 pH	 7.3;	 Zn	 coordination	 is	completed	by	an	OH	or	water	molecule.	In	order	to	prove	that	Zn2+	binding	is	reversible,	ligands	with	a	higher	affinity	for	Zn2+	 (ethylenediaminetetraacetic	 acid	 (EDTA)	 and	diethylenetriaminepentaacetic	acid	(DTPA))	were	titrated	 into	a	1:1	solution	of	
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Figure	14	 	 	Variation	of	 the	emission	spectrum	of	a	1:1	solution	of	ZnCl2	(20	μM)	and	
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species	involve	a	molecule	water	and	an	OH	group	respectively	bound	to	zinc.	It	is	 known	 that	 the	 [Zn.TPA.H2O]2+	mono-aqua	 species	 possesses	 a	 pKa	 value	of	8.0.5d	 No	 species	 corresponding	 to	 any	 other	 binding	 stoichiometry	 were	observed.		The	NMR	spectra	of	 the	Dy,	Tb	and	Tm	complexes	of	[LnL1]	were	measured	 in	the	 absence	 and	 presence	 of	 varying	 Zn2+	 concentrations	 in	 the	 presence	 of	deuterated	 TRIS	 buffer	 at	 pD	 7.3.	 In	 each	 case,	 the	 intensity	 of	 the	 resonance	corresponding	to	 the	tert-butyl	of	 the	 free	complex	decreased	upon	addition	of	ZnCl2.	As	the	concentration	of	Zn2+	increased,	multiple	new	resonances	appeared	making	 the	 identification	 of	 the	 tert-butyl	 peaks	 challenging.	 After	 addition	 of	one	equivalent	of	Zn2+,	all	resonances	were	integrated	and	tert-butyl	peaks	were	found	by	identifying	the	9:1	ratio	to	other	proton	resonances.	Trans-metallation	of	 the	 lanthanide	 ion	 by	 the	 added	 zinc	 ion	was	 not	 observed	 by	NMR	 at	 this	concentration,	 as	 no	 free	 ligand	 resonances	were	 observed	 in	 the	 diamagnetic	region.	 Upon	 addition	 of	 ZnCl2	 to	 [DyL1]	 three	 new	 tert-butyl	 resonances	appeared,	each	identified	by	integration	(Figure	16).			 	 	
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integrals	 against	 the	 number	 of	 equivalents	 of	 added	 Zn2+	 (SI,	 Figure	 S5).	 The	curve	is	very	similar	in	form	to	that	found	with	the	luminescence	titration	data	using	[EuL1].	Titrations	with	[TbL1]	and	[TmL1]	yielded	similar	results	(Figure	17).	 As	 with	 [DyL1],	 addition	 of	 Zn2+	 led	 to	 the	 appearance	 of	 additional	
tert-butyl	peaks,	some	of	which	were	shifted	in	the	opposite	direction	to	the	shift	of	the	tert-butyl	resonance	in	the	starting	complex.		
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Table	4	 	 	Comparison	of	NMR	properties	of	 the	 tert-butyl	 resonances	 in	 [DyL1]	 (top),	[TbL1]	 (centre)	 and	 [TmL1]	 (bottom),	with/without	 added	Zn2+	 (D2O,	 1	M	TRIS-d11,	 pD	7.3,	11.7	T,	295	K).	
	
	 Shift	(ppm)	 Linewidth	(Hz)	 R1	(Hz)	 Integral	No	Zinc	 -36	 584	 182	 1	Zinc	 +23	 244	 53	 0.16	+13	 255	 55	 0.31	-8	 320	 21	 0.52		
	
	 Shift	(ppm)	 Linewidth	(Hz)	 R1	(Hz)	 Integral	No	Zinc	 -30	 280	 112	 1	
Zinc	 +20	 109	 44	 0.33	+15	 108	 34	 0.12	-1	 185	 16	 0.27	-7	 313	 26	 0.27		
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Significant	trans-metallation	of	Zn2+	has	occurred	in	[YL1]	at	room	temperature	in	 the	 presence	 of	 >2	 equivalents	 of	 Zn2+	 at	 pH	 7.3.	 It	 is	 unlikely	 that	 trans-metallation	 occurs	 with	 the	 free	 complex	 [YL1],	 as	 this	 has	 been	 shown	 by	luminescence	lifetime	and	NMR	analysis	to	be	at	least	8-coordinate.	The	ease	of	dissociation	 of	 Y3+	 suggests	 that	 the	 initial	 complexation	 of	 Zn2+	 to	 the	 DPA	moiety	 induces	a	conformational	change	that	 increases	the	susceptibility	of	 the	complex	 to	 trans-metallation.	 Similar	 behaviour	 was	 observed	 with	 the	paramagnetic	complexes.		Crystals	of	the	complex	[YL1]	 in	the	presence	of	ZnCl2	were	grown.	A	methanol	solution	of	 [YL1]	with	 added	ZnCl2.	Diffusion	of	 diethyl	 ether	 into	 this	mixture	resulted	 in	 the	 growth	 of	 crystals.	 The	 cationic	 di-zinc	 complex	 (Figure	 18)	crystallised	as	the	chloride	salt	with	hydrogen	bonding	to	solvent	methanol	was	observed	 for	 two	 of	 the	 carbonyl	 atoms,	 (CCDC	 1896076);	 a	 very	 similar	structure	 was	 found	 with	 crystals	 grown	 from	 an	 aqueous	 solution	 (CCDC	1896077).			
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are	provided	by	a	single	polydentate	ligand	are	even	more	uncommon,	although	there	 are	 some	 literature	 examples.	 34-39	 Thus,	 the	 cyclen-based	 Zn2+	 complex	
[ZnL3],	has	been	synthesised	and	was	studied	as	a	monomer	for	heterometallic	coordination	 polymers	 (Figure	 19).39	 The	 coordination	 geometry	 is	 similar	 to	that	of	Zn1,	however	one	of	the	O	donors	arises	from	a	neutral	amide	carbonyl	oxygen	atom.	
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Figure	20	Molecular	structure	of	[Zn2(TPA)2(OH)2]2+.	39	H	atoms	of	the	TPA	ligand	are	omitted	for	clarity.	CCDC:	1230684	/	PEMBIS.	As	 the	 ionic	 radius	 of	 Zn2+	 is	much	 smaller	 than	 that	 of	 Dy3+,	 the	metal-donor	bond	distances	to	the	transition	metal	are	decreased	from	those	seen	in	[DyL1]	(Table	5).	
Table	5			Bond	distances	(Å)	for	Zn1	(left)	and	Zn2	(right)	in	[Zn2L1]+.		
bond	 bond	distance	(Å)	 	 bond	 bond	distance	(Å)	Zn1-N1	 2.418(5)	 	 Zn2-N5py	 2.236(4)	Zn1-N2	 2.237(4)	 	 Zn2-N6	 2.183(4)	Zn1-N3	 2.342(5)	 	 Zn2-N7py	 2.120(4)	Zn1-N4	 2.212(5)	 	 Zn2-N8py	 2.179(5)	Zn1-O1	 2.080(3)	 	 Zn2-O1	 2.125(3)	Zn1-O3	 2.123(4)	 	 Zn2-O5	 2.060(3)	Zn1-O5	 2.244(3)	 	 	 	
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Further	 in	vitro	work	 to	 investigate	 any	 potential	 interactions	with	 proteins	 is	also	 required	 to	 ensure	 that	 binding	 to	 Zn2+	 would	 be	 unperturbed	 in	 vivo.	Additional	 titrations	 in	 serum	 would	 allow	 for	 the	 creation	 of	 more	 relevant	calibration	curves	and	phantom	imaging	studies	using	a	preclinical	MRI	scanner	could	then	be	used	to	demonstrate	the	feasibility	of	the	in	vivo	measurement	of	Zn2+,	 in	 areas	 where	 the	 local	 concentration	 is	 known	 to	 be	 high,	 such	 as	 the	prostate	gland.	
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